This study aimed at assessing the effects of nitrogen-potassium interaction on dry matter and grain yield of irrigated wheat (Triticum aestivum L.) grown in the Brazilian Cerrado. The experiment was conducted for two consecutive cropping seasons (2014 and 2015), between March and August. The experiment was arranged in a randomized block design. Treatments consisted of five nitrogen and five potassium doses in a factorial scheme (5×5). The analyzed variables consisted of the shoot and spike dry weights, and grain yield. In both years (2014 and 2015), isolated effects of nitrogen and potassium doses were observed on the assessed traits. In 2014, the highest results were achieved by the respective nitrogen and potassium doses: 145.02 and 148.32 kg ha -1 for shoot dry weight, 133.79 and 139.85 kg ha -1 for spikes, and 119.14 and 138.83 kg ha -1 for grain yield. Yet in 2015, no significant results were identified, while nitrogen doses showed a linear effect on shoot and spike dry weights, potassium rates revealed such effect on grain yield. Although nitrogen showed a higher response in terms of dry weight for shoot and spikes, potassium induced the largest increases in productivity. Thus, for greater efficiency of fertilization, a careful analysis of the level of soil fertility, the expected productivity and the technological level employed is necessary. It should be emphasized that the management of fertilization has specificities every year, requiring constant adaptation.
Introduction
Wheat (Triticum aestivum L.) has been widely accepted as one of the most significant food crops for human consumption. It is grown across extensive areas worldwide, accounting for nearly 30% of the total global grain output. This versatile plant is adapted to a broad range of environmental conditions and is suitable as an alternative to crop rotation. On a temporal scale, it was first grown in South Brazil, under rainfed field conditions. Recently, this crop has expanded to the Southeast and Central-West regions of the country as an irrigated crop, with an average wheat grain yield of 2,228 kg ha -1 in 2015 (IBGE, 2016) . Oxisols under Cerrado vegetation (savanna-like environment) are characterized by low natural fertility because of extensive base leaching and high iron and aluminum oxide levels, restricting crop development (Lopes and Guilherme, 2016) . Despite this, the Brazilian Cerrado is one of the main producing regions of Brazil and the world.
The temperature is favorable to the cultivation during the full year and the water regime has two well-defined seasons, with rainy summer and dry winter. This environment supports cultivation of up to three harvests per year if irrigation systems are used. However, special attention should be given to crop rotation and nutrient management. Nitrogen ranks first among all the essential nutrients as the most limiting for plant growth, with an increasing demand. It is a vital constituent of the chlorophyll, protein, and nucleic acid molecules (Fernandes, 2006) . Despite not taking part in any chemical structure of organic compounds, potassium enhances the resistance to lodging in wheat plants. It has been reported that nitrogen and phosphorus fertilization can be more effective when potassium fertilization increases (Niu et al., 2013) . For Chuan et al. (2013) , N is the most limiting nutrient for wheat yield, followed by P and K. Besides that, potassium increases grain yield if not in excess thereof (Zhan et al., 2016) . In the soil-plant system, nutrients interact in several ways, whether by chemical precipitations and combinations or by nutrient interaction with the plant cell, which sometimes occurs during absorption, transport, redistribution, and metabolism. The efficiency of fertilization depends on specific conditions such as soil fertility, meteorological conditions, and crop management (Theago et al., 2014) . The interaction between nitrogen and potassium reveals some characteristics of soil-plant dynamics. Potassium is known to participate in the activation of nitrogen assimilating enzymes and protein and starch synthesis in leaves (Fernandes, 2006) . This dynamic will be affected directly by plant growth, resulting in higher development and production of leaves, spikes and yield grains. Since new wheat cultivars have emerged, the possibility of pushing farming areas towards new boundaries has raised. Furthermore, the goals of this study are the need to understand nutrient interactions in morphological development and yield of wheat crops, mainly nitrogen and potassium in Oxisol under tropical climate. Thus, we aimed to verify the effect of the interaction between these nutrients on dry matter production of irrigated-wheat and grain yield in the Cerrado of Mato Grosso, Brazil.
Results

Shoot dry weight
The results of shoot dry weight were fit to a quadratic regression model as a function of both nitrogen (Fig 1a) and potassium (Fig 1b) doses during the crop season of 2014, and to a linear model for nitrogen (Fig 2) ) for nitrogen and potassium, respectively, (Fig 1a and 1b) ; whereas in 2015, the rise in shoot dry weight due to nitrogen fertilization reached a 62.38% increase (from 546.43 to 887.30 kg ha -1 ) (Fig 2) .
Spikes dry weight
Regarding the wheat spikes, dry weight values were adjusted to a quadratic regression model for nitrogen and potassium separately in 2014 and to a linear model for nitrogen singly in 2015. The highest spike dry weights were observed at the rates of 133.79 kg ha -1 nitrogen and 139.85 kg ha -1 of potassium (Fig 3a and 3b) . The increments were 40.69% for nitrogen and 65.54% for potassium, from the lowest dose (Fig 4) .
Wheat yield
Wheat yield was fit to a quadratic regression model for nitrogen and potassium doses in 2014 and to a linear model for potassium in 2015. Compared to the absence of nitrogen fertilization, the nitrogen dose of 119.14 kg ha -1 provided the highest estimated yield (790.99 kg ha -1 ), standing for an increase of 22.80% (Fig 5a) . Yet for potassium, the 138.83 kg ha -1 dose provided the highest wheat yield (Fig 5b) , which was 1120.51 kg ha -1 , i.e. an increase of 77.71% compared to the lowest dose. In the second growing year (2015), wheat yield showed a linear fit as a function of potassium doses (Fig 6) , increasing by 34.84% due to the rise in potassium doses if compared to treatments without potassium fertilization.
Discussion
Overview
Wheat yield components revealed isolated significance for nitrogen and potassium doses during both crop seasons. Each nutrient effect was isolated for the variables during the crop season of 2014 when crop response to nitrogen and potassium was fit to a quadratic regression model. The nitrogen induced greater production outputs such as shoot and spike dry weight, when compared to potassium. During 2015 season, potassium fertilization induced a significant rise in productivity, while nitrogen stimulated shoot and spikes dry mass. In the same year, wheat crop responses were adjusted to a linear regression model.
Biomass production
Given the significant role of nitrogen in plant metabolism, suitable doses substantially improved plant development and; therefore, shoot dry weight rises. The dry mass yield of every plant species is directly related to nutrient absorption, assimilation, and accumulation in vegetative parts, as well as its subsequent translocation to grains, where they are stored as starch and protein (Fig 1a, 1b and 2 ). The nitrogen is only assimilated as NH 4 + , even if absorbed as NO 3 -and NH 4 + . Yet, when in excess, NH 4 + could interfere with the plant water balance, thereby exerting a toxic effect (Fernandes, 2006) . Theago et al. (2014) assessed the effect of nitrogen doses, sources, and timing of application on wheat crop yield and chlorophyll content. Importantly, these authors reported that nitrogen efficiency depends on certain conditions, such as cultivar, crop management practice, soil type, and climate. When applied in a single combined dose, nitrogen and potassium promoted a nutritional imbalance to wheat plants. In addition, plant shoot dry weight had no significant increase with the increasing doses of both nutrients. While assessing nutrient uptake in two wheat cultivars, Gargantini et al. (1973) recorded expressive wheat development from the day 30 after emergence and a cultivar-dependent nutrient absorption. In this perspective, this study highlights a significant effect of nitrogen fertilization on the use of nutrients by wheat, avoiding waste, and enhancing plant development, and finally a high-quality cereal. Assessing the growth and initial development of greenhouse-grown wheat plants under nitrogen fertilization, Pietro-Souza et al. (2013) confirmed such rise in shoot dry weight resulting from nitrogen application. 
Spike development
After studying the same cultivar (BRS 254) under greenhouse conditions, Carvalho et al. (2016) confirmed that nitrogen and potassium doses affect the behavior of spike dry weight, albeit in an isolated fashion, such as this study (Fig 3a, 3b and 4). Plant capacity to absorb and use nitrogen is the main advantage deriving from the relationship between nitrogen and potassium (Brar et al., 2011) . Nitrogen participates in the synthesis of amino acids and proteins, increasing wheat quality and crop yield. However, for such synergism to occur, wheat plants must be in nutritional balance for the achievement of a maximum yield. On the other hand, potassium absorption happens mainly via mass flow absorption, as K + , and efficiency depends on transpiration and concentration of nutrients within the soil solution. Nevertheless, absorption rates decrease with plant age (Fernandes, 2006) . The wheat tillering stage is fundamental to the growing and differentiation of wheat spikes as well as to wheat plant growth. Bredemeier and Mundstock (2001) tested the effect of applying nitrogen during this stage on the rise in the number of spikes, confirming a positive impact as well. These authors also reported varied responses according to the cultivar selected for the study. Over several years with successive fertilization, nutrient reserves are established through a process known as "building soil fertility" (Rosolem et al., 2012; Lopes and Guilherme, 2016) .
Yield grains
The individual responses of nitrogen and potassium in 2014 and potassium alone in 2015 were likely the result of the soil low natural fertility since this region was newly cultivated and only recently converted into a cropping area (Fig 5a, 5b  and 6 ). Some conditioning factors for a better absorption and assimilation of nutrients by wheat plants include low cation exchange capacity, environmental conditions during experiment and nitrogen topdressings. Water deficit or excess are other predominant features responsible for the leaching or volatilization of potassium and nitrogen (Mendes et al., 2016) . Flumignan et al. (2013) verified a 3-fold increase in treatment efficiency of properly water supplied plants, while studying irrigation influence on wheat production. Zhang et al. (2011) evaluated long-term continuous fertilization results and observed increases in wheat and maize yields in five locations in China. These authors also recorded increases of up to 21% in wheat grain yield when compared N, P, and K fertilizations with N and P. Recent studies by Duan et al. (2014) showed positive effects of nitrogen use and its long-term association with potassium and phosphorus on wheat and rice crops in China. The same authors alleged reduced loss and increased efficiency of nitrogen use when combined phosphorus and potassium. Prior to establishing nutrient management strategies, geographic, meteorological, and soil conditions must be taken into consideration (Duan et al., 2014) since they exert a direct influence on crop yield. Singh et al. (2014) studied the optimization of nutrient management techniques in rice and wheat crops in India and highlighted the significance of crop demand, soil nutrient availability, and environmental conditions on these crops' agronomic efficiency. Hejcman et al. (2012) assessed sustainability in winter wheat production after 50 years of fertilization with nitrogen, phosphorus, and potassium in the Czech Republic. These authors evidenced the importance of crop rotation on yields and soil natural fertility on fertilization management practices, mainly for nitrogen. Likewise, Niu et al. (2013) affirmed that N and P absorptions could increase with K fertilization. In addition, differences in fertilization timing for both nitrogen and potassium might have played a role in the individual responses of the characteristics assessed. Potassium was applied in a single dose at sowing time, while nitrogen was spread twice, one at sowing (30%) and one at top-dressing (70%). Moreover, potassium may have been poorly absorbed and at a distinct rate from that of nitrogen to promote increases in the evaluated characteristics (Fernandes, 2006) . Duan et al. (2014) investigated the effect of combining different doses of phosphorus and potassium with nitrogen in wheat and rice in China. These authors conducted 16-and 24-year studies in five localities and highlighted the significance of phosphorus and potassium fertilizations for the improvement of the used nitrogen. They also reported a drop of nearly 21% in nitrogen losses when applied with potassium if compared to combinations with single phosphorus. Yan et al. (2015) reported that N fertilizations are strongly correlated with crop growth rate increase and water use efficiency. Furthermore, Theago et al. (2014) assessed the interaction among doses, sources, and periods of nitrogen application on wheat yield and chlorophyll contents in areas under notillage systems for 25 and 9 years. At the end, they recorded a productivity of 4,598 kg ha nitrogen. Under such conditions, the authors recommended that all the nitrogen contents should be supplied at sowing. Moreover, Alves et al. (2015) studied wheat yield components under different nitrogen top-dressing doses and verified a positive correlation between nitrogen application on the number of spikes and plant productivity, but diminishing grain mass as nitrogen rates increased. For Mojid et al. (2012) , doses of nitrogen above the optimal can promote excessive vegetative growth in wheat plants, maximizing the losses of nutrients.
Materials and Methods
Location and general description
The experiment was performed in farm plots located in Rondonópolis, State of Mato Grosso (Brazil), which belong to the Federal University of Mato Grosso. The area lies on the geographic coordinates of 16°27'54.98" S and 54°34'41.75" W, at an altitude of 287 m. The experiment was done for two consecutive cropping seasons (2014 and 2015) , between March and August. Local soil was classified as an Oxisol (549, of sand, silt and clay, respectively). The cropping has been only recently started, using wheat as the first crop. The soil was chemically analyzed followed by a two-year fallow period for acidity correction and 60% base saturation (Table  1 ). The BRS 254 wheat cultivar, developed by EMBRAPA (Brazilian Agricultural Research Company) was used. This cultivar has a 100-day growth cycle on average as irrigated crop for the Cerrado biome (Só e Silva et al., 2008) . The temperature (maximum, minimum and mean) and precipitation (accumulated) were registered during the experimental period (Fig 7 and 8) .
Experimental design and treatments
A completely randomized block design in a 5x5 factorial scheme was adopted, combining five nitrogen doses (0, 70, 140, 210, and 280 kg ha ) with four replications, resulting in 100 experimental plots. Each plot included nine 6-m rows spaced 0.2 m apart. Seven middle rows were considered as a floor area, eliminating 0.75 m from each edge (6.3 m²). Seventy seeds were sown per linear meter at a 0.03-m depth, using a no-tillage seeder model SEMINA II. Irrigation was performed by applying a water depth corresponding to the reference evapotranspiration (ET o ), which was estimated by the Penman-Monteith-FAO method. An automatic meteorological station, nearby the experiment area, provided the necessary meteorological information for the model. A self-propelled mechanized irrigation system was used to irrigate crops. In the years of 2014 and 2015 total applied (precipitation + irrigation) were 498.15 and 448.22 mm, respectively, during the period of the experiment. Potassium doses were applied at sowing time, using potassium chloride (KCl) as a source. Phosphorus (P 2 O 5 ) was applied through simple superphosphate at the recommended dose (200 kg ha -1 ). Next, nitrogen doses were applied with urea as a source into two doses: one at sowing time (30%) and 14 days after wheat emergence -tillering stage (70%). The demands for micronutrients were met by applying 30 kg ha -1 FTE (Fritted Trace Elements) BR12 (9% Zn -1.8% B -0.8% Cu -2% Mn -3.5% Fe -0.1% Mo).
Measured variables and statistical analysis
The variables were assessed at harvest time after physiological maturity when plants were senescing. The wheat cycle lasted for a total of 93 and 108 days for the 2014 and 2015 crop seasons, respectively. The entire plot areas were harvested for evaluations of the shoot (leaves and stems), spike, and grain dry weights. The estimates were made after the threshing of spikes and grain humidity correction to 13%, on a wet basis. All the variables were expressed in kg ha -1 . The results were submitted to variance analysis (ANOVA) at 5% probability, and when significant, a regression analysis was performed with the help of the software SAS (2002).
Conclusion
Irrigated wheat responded differently to nitrogen and potassium fertilizations during the crop seasons of 2014 and 2015 in the Brazilian Cerrado. Potassium fertilization promoted a productivity increase when compared with the nitrogen. However, the linear response to potassium did not permit the ideal nutrient doses to be defined for irrigated wheat in this region. The applications of nitrogen elevated shoot and spike dry weights. Again, the best nitrogen dose could not be determined during the second growing season due to the linear effect of wheat responses.
